Chemotactic signaling in Escherichiti colh involves transmission of both negative and positive signals. In order to examine mechanisms of signal processing, behavioral responses to dual inputs have been measured by using photoactivatable "caged" compounds, computer video analysis, and chemoreceptor deletion mutants. Signaling from Tar and Tsr, two receptors that sense amino acids and pH, was studied. In a Tar deletion mutant the photoactivated release of protons, a Tsr repellent, and of serine, a Tsr attractant, in separate experiments at pH 7.0 resulted in tumbling (negative) or smooth-swimming (positive) responses in ca. 50 and 140 ms, respectively. Simultaneous photorelease of protons and serine resulted in a single tumbling or smooth-swimming response, depending on the relative amounts of the two effectors. In contrast, in wild-type E. coli, proton release at pH 7.0 resulted in a biphasic response that was attributed to Tsr-mediated tumbling followed by Tar-mediated smoothswimming. In wild-type E. coli at more alkaline pH values the Tar-mediated signal was stronger than the Tsr signal, resulting in a strong smooth-swimming response preceded by a diminished tumbling response. These observations imply that (i) a single receptor time-averages the binding of different chemotactic ligands generating a single response; (ii) ligand binding to different receptors can result in a nonintegrated response with the tumbling response preceding the smoothswimming response; (iii) however, chemotactic signals of different intensities derived from different receptors can also result in an apparently integrated response; and (iv) the different chemotactic responses to protons at neutral and alkaline pH may contribute to E. coli migration toward neutrality.
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The swimming behavior of the bacterium Escherichia coli is determined by the rotation of its flagella. Switching between counterclockwise (CCW) and clockwise (CW) rotation occurs frequently and is biased toward one or the other mode in response to effector stimuli, such as changes in pH or amino acid concentration (1) . Tar and Tsr are the most abundant members of a homologous, four-member family of cytoplasmic membrane-based bacterial chemoreceptors (2) . Chemoreceptors generate a positive signal upon binding attractant ligands that causes CCW rotation of the flagella. Bundling together of the CCW-rotating flagella results in smooth swimming, enabling net migration toward higher attractant concentrations.
The receptors generate a negative signal upon binding repellent ligands, whereupon the flagella switch to CW rotation and the flagellar bundle breaks up. Migration is arrested as the bacteria tumble with chaotic motion. Decreases in effector concentration elicit responses opposite to those of concentration increases. The effects of opposing stimuli upon chemotactic migration (3), adaptation times (4) , and adaptive receptor methylation reactions (5) have been measured. Such studies indicate that different receptor stimuli are integrated over time scales of several seconds.
Smooth-swimming and tumbling responses have been monitored here by using video microscopy coupled to photolysis of caged compounds. Responses were initiated by rapid photochemical release of attractants or repellents, recorded at a video frame rate of 30 s-1, and analyzed by computer (6, 7) . Under these conditions the smooth-swimming and tumbling responses were temporally resolved from one another and from the adaptation (or recovery) process. Caged compounds are photosensitive but biologically inert compounds that yield a biologically active compound on photolysis. 2-Nitrobenzyl derivatives are of special utility (8) . We have used here a caged proton and a caged serine. Serine and protons are Tsr attractant and repellent ligand §, respectively, while protons elicit smooth-swimming and tumbling responses from Tar and Tsr, respectively (9) . The temporally resolved application of dual inputs has allowed us to compare processing of opposing positive and negative signals.
MATERIALS AND METHODS
Preparation of Bacteria. Wild-type E. coli RP437 and its receptor mutant derivatives were grown as described (7) . RP437 was transformed with plasmid pRS266 containing cheB under lac control, provided by R. Stewart (10), as described (11) . The bacteria were harvested at late exponential phase and washed thrice in experimental solution (0.1 mM sodium phosphate/67 mM NaCl/10 mM KCl/0.1 mM EDTA/5 mM dithiothreitol/5 mM sodium lactate/125 ,uM L-methionine, pH 7.0) prior to experiments. For experiments with caged serine alone, the solution contained 10 mM rather than 0. 17 s-1 at pH 7.0 and 21°C. The caged compounds were added from pH-balanced stocks to the experimental solutions containing the bacteria. Prior to photolysis, the solutions were left on ice for >30 min to allow for equilibration of the caged compounds between the extracellular and periplasmic space.
Video Microscopy Coupled to Photolysis. An overall account of the equipment has been described (7) . Video (7) . The extent of caged proton photolysis was estimated from the SNAFL1 fluorescence change and the known buffering capacity of the experimental solution (7). The serine photoreleased was calculated from the estimated proton photorelease by using the known quantum yields of the two caged compounds. Video Analysis. The video record was digitized (VP110 digitizer; Motion Analysis, Santa Rosa, CA) at 30 frames per s, the magnification being such that 2 video pixels corresponded to 1 ,um. Objects were selected on the basis of their intensity relative to background. Centroids for all discrete objects within a video frame were calculated with a SPARC-IPC computer-based ExpertVision (EV) system (Motion Analysis) (6, 7). Centroids were located with a precision of 0.1 pixel (i.e., 0.05 ,tm) from analysis of digitized darkfield images of 1-,tm latex beads immobilized onto cover glass. The analysis, analogous to the determination of the position of latex beads visualized by differential interference contrast (DIC) microscopy to nanometer precision (12), will be described in detail elsewhere. Centroids in successive frames that were determined to belong to the same object, as has been described (13) , were linked together to form paths. SPD and RCD (rate of change of direction) values were used to select motile from nonmotile bacteria, and RCD values were used to characterize the nature of the bacterial motion (e.g., smoothswimming or tumbling). The SPD, expressed in micrometers per second, is the absolute linear speed obtained by multiplying the frame-to-frame displacement by the digitization rate. The RCD, expressed in degrees per second, is the absolute angular change of direction of a path from frame to frame multiplied by the digitization rate. Each RCD or SPD file had the same data point density (i.e., points per second) as the path file from which it was generated. To confirm that the algorithm for computing RCD was symmetric with respect to time, a program was written to reverse the path files. This program generated a file of order [n, n -1, n -2, ... 1] from a path file of order [1, ... n -2, n -1, n]. RCD values calculated from the original and reversed path files were identical.
Proc. Natl. Acad. Sci. USA 92 (1995) By monitoring the RCD/SPD ratio, we were able to exclude immotile and stuck objects from the analysis. Constantly smooth-swimming and tumbling bacteria and immotile objects free in solution had an RCD/SPD of 14 (14) . Dashed (Fig. 1 legend) . Saturation responses were obtained upon rapid pH decreases of 0.35 ± 0.15 unit and serine increases of -5 ,uM, respectively. Neither pH change nor behavioral response occurred upon photolysis of caged protons in strongly buffered (50 mM phosphate) solutions. The response times, defined as the half-times required to achieve a saturation response, were different for the repellent and attractant stimuli. Visual inspection of Fig. la showed that more than half of the population responded within two digitized frames (67 ms) to proton photorelease. The corresponding response to photoreleased serine occurred in 140 ± 22 ms.
Single Receptor-Mediated Signals by Two Ligands Are Integrated. Integration of opposing stimuli by the Tsr receptor was also studied in the Tar-deletion mutant (Figs. 2 and 3) . The response amplitude is defined as the difference between the peak value and the prestimulus baseline. In Fig. 2 the initial increase to and the subsequent decrease from the peak value on stimulation by proton release represent the excitation response and adaptation phase, respectively; the total duration is the recovery time (4). Saturation tumbling was obtained upon a pH decrease of -0.2 unit. Combined proton/serine jumps were obtained by including caged serine in the experimental solution (Fig. 3) . As caged serine concentration was increased relative to that of caged proton, subsaturation tumble responses and, finally, smooth-swimming responses were obtained. Thus, for mixed proton/serine jumps (Fig. 3  a- (7) (Fig. 5a) The attenuation of the tumble response from pH 7.0 to pH 7.8 was studied by analysis of Tar-and Tsr-deletion mutants. An assessment of stimulus strength was provided by measurements of recovery times, which are proportional to stimulus strength (i.e., change in receptor occupancy) (17) . Both the tumble response and the adaptation recovery time (tr) were unaffected in the Tar-deletion mutant (Fig. 5b) contrast, in the Tsr-deletion mutant, the smooth-swim response amplitude was larger (Fig. Sc) and the recovery time was longer with increasing pH (Fig. 5c legend) . Tar-mediated responses produced by a pH decrease of 20.5 unit were indistinguishable in amplitude and response time (-0.15 s) from the Tsr-mediated smooth-swim response (data not shown). Thus, the loss of tumble response shown in Fig. 4b was not due to lower sensitivity of the Tsr receptor to protons at alkaline pH but rather was due to the increased strength of the smooth-swim signal.
DISCUSSION
We first need to consider the validity of the data for interpretation of the behavioral responses and their kinetics. Smooth-swimming, wild-type, and tumbling behavioral phenotypes have population RCD values in the ratios of 1:1.7:3.3 ( Fig. 1) , each value having a standard deviation that is 10% of the mean. Thus, detection of transitions between these behavioral states can be made with a high degree of confidence. Times for onset of the second, smooth-swim phase of the biphasic response (Fig. 4) and adaptation (recovery) time for the single tumble response (Fig. 2) to the same step pH decrease have a ratio of 1:6. It was therefore possible to distinguish biphasic excitation responses from tumbling response and adaptation. This distinction was based on the amplitude of the smooth-swim phase of the biphasic response as well as on the rate of return to the prestimulus baseline. We have not analyzed the kinetics in detail because the time courses are complex. With this limitation in mind, our principal conclusion is that the motor responses from opposing stimuli delivered to the same receptor were integrated. In contrast, opposing signals generated by distinct chemoreceptors were in general not integrated in time, resulting in a biphasic motor response.
In current models for bacterial chemotaxis, CW rotation, or tumbling, is obtained upon binding of the phosphorylated form of the cytoplasmic protein CheY to the flagellar motor. Signaling complexes consisting of chemoreceptor, a histidine kinase (CheA), and a linker protein (CheW) are thought to change flagellar motor bias by modulating phospho-CheY levels, and it has been shown in vitro that repellent and attractant ligands added to membranes containing receptorCheY complexes activate or inhibit CheA-CheY phosphotransfer, respectively (18) (19) (20) (21) (22) (23) . Our data indicate that, in terms of such models, activation of CheA-CheY phosphotransfer (i.e., tumble-signal generation), phospho-CheY increase, and cell tumbling occur in -50 ms (tet). On the other hand, te,, the 150-ms smooth-swim signal response time, reflects motor response to phospho-CheY decrease. It is likely that the rate of this response is limited by CheZ activity on CheY (7, 24, 25) as much as by inhibition of CheA-CheY phosphotransfer.
In Tar-deletion mutant E. coli, an integrated response was observed when tumbling in response to protons was drastically reduced by simultaneous photorelease of serine (Fig. 3) . This implies that receptor conformational transitions induced by binding of antagonistic ligands are rapid relative to the reactions limiting motor response; a single signal being generated by a time-averaged receptor conformation.
Proton jumps, which in wild-type bacteria generated opposing signals from Tar and Tsr receptors, allowed comparison of the signal generation reactions. For a receptor population, the time course of the extent of activation or inhibition of CheACheY phosphotransfer upon a step change of chemoeffecter ligand concentration would be determined by (i) the rate of the receptor reactions responsible for changing CheA activity and (ii) the number of ligand-receptor-CheA complexes formed. At pH 7.0, wild-type bacteria responded to small acid jumps by 9760 Microbiology: Khan et al. 1' transient tumbling followed by smooth swimming. This implies that the Tar signaling reactions causing inhibition of the phosphotransfer are slower than the Tsr reactions causing activation. Study of deletion mutants showed that the Tar signal, but not the Tsr signal, became stronger at alkaline pH. The mutant and wild-type behaviors, taken together, indicate that the proportionately greater number of protonated Tar versus Tsr signaling complexes formed in wild-type bacteria upon proton jumps at pH 7.8 cancel the transient increase in phospho-CheY due to Tsr-based activation, and hence the tumbling seen at pH 7.0. Fig. 6 summarizes current understanding, based on these and earlier observations, of chemotactic signal integration in E. coli.
How might the pH dependence of the proton response of wild-type bacteria relate to pH taxis? The Tsr-mediated tumble response arrests migration from neutral to acid pH locations. However, in alkali the Tar-mediated smoothswimming response dominates the much weaker Tsr-mediated tumble response so that alkali-to-neutral pH taxis also occurs. It is further reasonable to expect that Tsr and Tar cause opposite behavior in response to increases in pH. This would also result in responses at pH 7 as observed in Fig. 4a , but now dominated by a Tar-mediated response rather than a Tsrmediated tumble response. At pH 6 the behavior of wild-type bacteria would be as observed in Fig. 4b , but now dominated by a Tsr-mediated response rather than a Tar-mediated smooth-swimming response. Accumulation at neutral pH will be the net result. It is interesting that in a capillary assayE. coli cells migrate toward neutral pH from both acidic and alkaline pH conditions (16) . Much more needs to be done to test this idea-for example, by studying the responses of E. coli to photorelease of hydroxide ion.
Bacterial behavior following rapid and relatively small proton stimuli in the assays used here suggests that "external pH sensing sites" (9, 27) on periplasmic domains of chemotactic receptors govern physiological pH taxis. This is because the responses mimic those induced by amino acid chemotactic agents, especially with regard to time scales. Internal pH changes in bacteria also cause pH taxis (27) (28) (29) 6 . Chemotactic signal integration in E. coli. Chemoreceptorligand interactions are rapid. Simultaneous application of repellent (L-) and attractant (L+) ligands on the same receptor signaling complex (Ri) generates an integrated output whose sign depends upon the relative amount of ligand bound. The case where the integrated output promotes tumble (-) generation is shown. CW rotation of the motor is proportional to intracellular levels of a diffusible, cytoplasmic signal (26) , namely phospho-CheY protein (see text), whose decay is CheZ dependent. Tumble (-) and smooth-swim (+) outputs from different receptor signaling complexes, R1 and R2, activate and inhibit CheA-CheY phosphotransfer, respectively. Processing of the tumble output is rapid ("50 ms) relative to generation of the smooth-swim output. Thus, simultaneous generation of negative and positive receptor outputs results in biphasic motor responses due to an increase followed by a decrease in intracellular levels of phospho-CheY. tion (27) . Such pH changes will have been negligible in our studies because of the high ['50 mM (27) ] cytoplasmic buffering capacity. Rapid-mixing experiments in which wildtype bacteria were exposed to relatively large pH changes caused smooth swimming, followed several seconds later by a prolonged tumbling (29) , but the initial tumbling transients described here were not observable. As noted by Kihara and Macnab (29) , these prolonged tumbling responses were probably due to internal pH perturbation. As such they are likely to represent a quite distinct mode of pH taxis from that observed here.
Bacterial chemotaxis provides a paradigm for cellular response to multiple environmental stimuli (30) . In phototactic bacteria, different photoreceptor-mediated responses have different response times (13, 31) . However, the intracellular signaling circuitry remains largely uncharacterized in these organisms. In contrast, all protein components of the Tar/ Tsr-mediated chemotactic signaling circuiting in E. coli have been identified and altered extensively by mutation. Such mutations, combined with time-resolved analysis of motor responses, should prove powerful for understanding processing of multiple signals.
